Androgens play a vital role in erectile function and are known to have a neuroprotective role in the nervous system. This study investigated, in a rat model, the effects of testosterone deprivation and replacement on the morphology of the dorsal nerve of the rat penis at the light microscopy level. Two weeks after castration, male rats were infused with vehicle alone or 44 lg of testosterone for 2 weeks. Age-matched, sham-operated control animals were used for comparisons. Penile tissue samples were removed for histological analyses. The following parameters were assessed: (1) total myelin sheath thickness; (2) density of nerve fibers; and (3) axon cross-sectional area per nerve fiber. Castration resulted in a significant increase in axon cross-sectional area compared to that of the control and testosterone-treated animals (6.9770.59 lm 2 per fiber in control animals to 14.3270.44 lm 2 per fiber in castrated animals). Qualitatively, there were signs of nerve degeneration, particularly myelin sheath degeneration, in all sample groups. We did not observe statistically significant changes in myelin sheath thickness. There was a trend of reduced nerve density. Nerve degeneration was not quantified since this study was performed at the light microscopic level. This study suggests that testosterone has a neuroprotective role in the nerve fibers of the dorsal nerve and testosterone deficiency may lead to different forms of nerve degeneration resulting in anatomic alterations, thus contributing to erectile dysfunction.
Introduction
Androgens and penile physiology Androgens are integral for penile-tissue development, growth and maintenance of erectile function; 1 however, their exact role in erectile function and dysfunction is unclear. Laboratory studies using animal models have demonstrated that testosterone plays a role in the peripheral modulation of erectile function and the composition of penile tissue. In the rat model, castration has been shown to result in a significant reduction in intracavernosal pressure, indicating decreased erectile function. [2] [3] [4] [5] When androgen replacement is administered, erectile function is restored. 4, 6 Armagan et al. 4 proposed that erectile function declines below 10% of the normal physiological plasma testosterone concentration in a dose-dependent fashion.
Limited studies on the role of androgens in the maintenance of penile neural structure and function are available. Studies have suggested that circulating androgens are critical for the maturation and maintenance of the structure of certain neuron groups of the pelvic autonomic pathways. [7] [8] [9] [10] Keast et al. 9 demonstrated that testosterone is essential for the maturation and maintenance of terminal axon density and neuropeptide expression in the vas deferens. Kurz et al.
11 studied the effects of castration and androgen replacement on androgensensitive motoneurons responsible for copulatory behavior in male rats. Castration resulted in decreased dendritic length and soma size in the motoneurons while testosterone treatment reversed the structural changes back to normal levels, suggesting androgens' role in neuronal function regulation. Giuliano et al. 6 postulated that androgens directly affect neurons and concluded that the proerectile postganglionic parasympathetic neurons may be a site of direct androgen action. In conjunction with a decreased number of erections, Baba et al. 3, 12 found that the number of NOS-containing nerve fibers in the corpora cavernosal and dorsal nerves decreased in castrated rats compared to the controls; with testosterone treatment, the number of nerve fibers was restored to the control levels. In addition, Rogers et al. 13 showed that the castration specifically changed the ultrastructure of the dorsal nerve in the rat. Through transmission electron microscopy, both myelinated and nonmyelinated-axon nerve bundles in the dorsal nerve were found to be smaller in diameter in the castrated rats compared to the sham-operated ones. Nonmyelinated nerve fibers appeared smaller and less distinct and there was also an increase in the number of nucleated Schwann cells. The restoration of the castrated rat nerve fibers and myelin sheath structure similar to that of the sham group strongly suggests that androgens have a role in maintaining the peripheral autonomic and sensory nerve structure and function in the penis. However, further study must be conducted to understand the role of androgens in maintaining nerve fiber structure in the corpora cavernosa.
The goal of this study was to investigate the effects of testosterone deprivation and replacement on the morphology of the dorsal nerve fibers by measuring the parameters of myelin sheath thickness, density of nerve fibers and axon crosssectional area.
Materials and methods
Tissue specimens and processing All studies were approved by the Institutional Animal Care and Use Committee at the Boston University School of Medicine. Intact or castrated, male Sprague-Dawley rats were obtained from the Charles River Laboratories (Wilmington, MA, USA). The rats were divided into two groups: one subjected to sham surgery (control, n ¼ 3) and the other surgically castrated at 56 days of age (n ¼ 9). After two weeks, the castrated animals were separated into three groups: vehicle (control, n ¼ 3), high-dose testosterone treatment (HD, n ¼ 3), and physiological-dose testosterone treatment (PD, n ¼ 3). The castrated animals were implanted with mini-osmotic pumps (model 2002; Alzet, Palo Alto, CA, USA) containing vehicle (polyethylene glycol 300) or concentrations of testosterone (4-androsten-17b-ol-3-one; Steraloids Inc., Newport, RI, USA) to deliver doses of 440 mg (HD) or 220 mg (PD) per day. The pumps were prepared according to the manufacturer's instructions and implanted subcutaneously between the scapulae using aseptic technique. 4 Animals were euthanized by exsanguinations and the penis was removed en block. The penile tissue samples for examining dorsal nerve structure were dissected and excised under a Bausch and Lomb dissecting microscope at room temperature. Using a razor blade, the penis was isolated by cutting perpendicular to the long axis of the penis. Then the penis samples were carefully cut into pieces approximately 1.0 mm thick. All samples were fixed overnight at 4 1C in a 4.3% glutaraldehyde solution in 0.1 M sodium barbital-sodium acetate buffer (pH 7.4) containing 0.07 M KCl. When needed, the samples were rinsed with phosphate-buffered saline three times for 15 min each at room temperature. The tissue was postfixed in a solution of 1% osmium tetroxide (Ted Pella; Redding, CA, USA) in a 0.1 M sodium barbital-sodium acetate buffer (pH 7.4) for 1-2 h at room temperature. Then the samples were rinsed three times for 15 min each with phosphatebuffered saline, dehydrated through an ascending series of ethanol, transferred to a mixture of Araldite via propylene oxide and a 1:1 mixture of propylene oxide:Araldite, embedded in Araldite and polymerized at 60 1C for 24 h.
Light microscopy
Semi-thin transverse sections (1 mm) were cut on an LKB Ultratome V with a Diatome knife. Ribbons of sections were transferred to Superfrost Plus microscope slides (Fischer Scientific, Pittsburgh, PA, USA). Sections were stained with Toluidine blue by adding several drops of filtered aqueous 1% Toluidine blue/1% borax solution and heated at 100 1C for 2 min 30 s for penile tissue (Figure 1a) . Photographs of nerve sections were taken using a Leitz Wetzlar light microscope, using a Â 60 objective, and Optronics camera. Three sections from each treatment group and three random box fields (3567 mm 2 for the dorsal nerve of the penis (DNP)) from each nerve section were selected. Grayscale, cropped digital images (Figure 1b ) of each field were prepared using Adobe Photoshop CS Software (Adobe Systems Incorporated, San Jose, CA, USA). The images were then analyzed with NIH ImageJ (public domain software developed at the US National Institutes of Health).
Quantitative analysis Myelin sheath area. To determine the total myelin sheath area, the cropped digital images of known size were analyzed using NIH ImageJ. Appropriate upper and lower intensity thresholds were selected to best highlight myelin sheaths and to calculate the proportion of the total myelin sheath area (Figure 1c ). These areas were overestimated, however, because they may have included a proportion of the surrounding fibrous trabeculae and partial nerve fiber profiles. The myelin sheath area per nerve fiber could not be calculated Density of nerve fiber profiles. To determine the density of nerve fiber profiles, the cropped digital images were inverted using Adobe Photoshop CS Software. Appropriate upper and lower intensity thresholds were selected to best highlight the axons using NIH ImageJ. All myelinated profiles were counted and marked manually, provided they did not cross the margins of the cropped images (Figure 1d ). The density was calculated by dividing the number of whole nerve fiber profiles counted by the total area of the cropped digital image (3567 mm 2 for the DNP). All these densities are underestimates, however, because a small proportion of the total cropped area is occupied by fibrous trabeculae.
Cross-sectional axon area per nerve fiber To determine the cross-sectional axon area per nerve fiber, the digital images were inverted using Adobe Photoshop CS Software. Appropriate upper and lower intensity thresholds were selected to best highlight the axons, and the wand function in the NIH ImageJ program was used to calculate the proportion of the total cross-sectional axon area (Figure 1d) . To calculate the cross-sectional axon area per nerve fiber, the total axon cross-sectional area was divided by the total number of whole nerve fiber profiles manually counted in the image.
Statistical analysis. For comparisons between the DNP of the control, vehicle control, high-dose testosterone treatment, and physiological-dose testosterone treatment groups for total myelin sheath area, density of nerve fiber profiles and cross-sectional axon area per nerve fiber, data were analyzed by oneway analysis of variance (ANOVA). If the P-value was less than 0.05, the Tukey's multiple comparison test was administered. Comparisons with P-values p0.05 were considered to be significantly different.
Results
Effects of testosterone deprivation and treatment on the dorsal nerve of the penis As shown in Figure 2c , castration resulted in a significant increase in axon cross-sectional area compared to that of the control and testosteronetreated animals, from 6.9770.59 mm 2 per fiber in control animals to 14.3270.44 mm 2 per fiber in castrated animals (Po0.001, Tukey's multiple comparison test). Testosterone deprivation resulted in a decrease in the density of nerve fibers and this Figure 1 Representative example of pictures prepared for quantitative analysis. All tissue samples from various treatment groups were fixed in 4.3% glutaraldehyde, postfixed in 1% osmium tetroxide, epoxy-embedded, sectioned (1 mm), and subjected to toluidine blue staining (a). Using Adobe Photoshop CS, the pictures were cropped and converted to grayscale images (b). Then using NIH ImageJ, the threshold levels were adjusted to calculate the total threshold area (red) of the image (c). The images were also inverted and threshold levels were adjusted again. The gray axons represent the axons that were counted and whose areas were summed in this image to calculate both density and axon cross-sectional area (d). All fields are at Â 60 magnification.
Testosterone and dorsal nerve A Armagan et al was restored to similar levels of control animals by testosterone treatment (Figure 2b) . The nerve fibers of control animals appear smaller and more densely packed compared to that of castrated animal groups (Figure 3a) , suggesting potential nerve swelling after castration.
Although the changes in density did not reach statistical significance compared to that of control animals (P ¼ 0.09, ANOVA) but the trend was consistent. This may be attributed to the short duration of androgen deprivation (2 weeks). No significant changes in total threshold area (myelin sheath thickness) of the dorsal nerve obtained from the castrated animals as compared with control (sham-operated) or testosterone-treated, castrated animals ( Figure 2a) .
The most common morphological alterations appeared to be splitting (Figures 3a-d, arrowheads) and blebbing (Figures 3a-d, arrows) of the myelin sheaths. When the myelin sheath has split at the major dense line, cytoplasm is allowed between the split lamellae, creating a bulge that includes a larger portion of the myelin sheath compared to bulges caused by shearing. 14, 15 Blebbing occurs when there is a local splitting between a few lamellae, opening them up to enclose one or even multiple fluid-filled blebs, which can vary in size and be as large as the cross-sectional area of the original nerve fiber.
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Discussion
In this study, we investigated the effects of androgen deprivation and replacement on the nerve fibers in the DNP nerve, by measurement of the morphological alterations in myelin sheath thickness (total threshold area), density of nerve fibers per unit area, and axon cross-sectional area. Androgen deprivation did not significantly affect the total myelin sheath thickness of the nerve fibers in the DNP nerve. This finding is in contrast to a previous report in which castration resulted in the decreased myelin sheath thickness of nerve fibers in the DNP. 13 The difference between these studies is that tissue samples were analyzed by transmission electron microscopy in contrast to our study in which we used Toluidine-blue staining for light microscopy. These variations in methodology may explain the differences in results.
Although quantitative results indicate that testosterone deprivation may not have an effect on the myelin sheath thickness, histological observations indicated signs of potential myelin sheath degeneration such as splitting and blebbing. Since this study was carried out at a light microscopy level, ultrastructural observations could not be made and all forms of nerve degeneration could not be verified and quantified. However, myelin sheath degeneration may occur without changes in the total myelin sheath area.
Testosterone deprivation may affect the density of nerve fibers in the DNP because a decreasing, but insignificant trend was observed. Previous studies have found that castration results in a reduced number of NOS-containing nerve fibers 3, 17 and nonadrenergic, noncholinergic (NANC) nerve fibers 18 innervating the corpora cavernosa and in the DNP; a reduction in density of nerve fibers has also been observed in the nerves innervating the vas deferens. 9 These findings suggest that testosterone acts directly on the penile nervous system to facilitate the erectile response. We suspect that the small changes recorded in this study are attributed to the short duration after castration. In previous studies, where significant differences in the density of nerve fibers were shown, experiments were carried out eight weeks after surgery. 3 Therefore, it is possible that testosterone deprivation causes nerve fiber loss; however, significant decreases in density of nerve fibers were not observed in this short duration study. Testosterone and dorsal nerve A Armagan et al A surprising observation was that castration resulted in a significant increase in the axon crosssectional area in the nerve fibers of the DNP. These results are in contrast to a previous study in which post-pubertal castration led to a decrease in axon diameter in both myelinated and unmyelinated nerve fibers in the DNP of castrated rats. 13 One limitations of this study is that it is carried out at the light microscopy level rather than the electron microscopy level. Therefore only myelinated nerve fibers were analyzed and histological observations could not be further confirmed and quantified to understand more clearly the effects of testosterone deprivation and replacement on the morphology of the nerve fibers.
This study has demonstrated that testosterone deprivation may have an effect on the morphology of the nerve fibers of the DNP nerve. Possible signs of nerve degeneration due to histological observation of myelin sheath abnormalities and axonal swelling and decreasing density trends give an indication of the neuroprotective role of testosterone in these peripheral nerves. Because the DNP is responsible for the sensory perception of the penis, possible nerve degeneration due to testosterone deprivation could possibly lead to less sensory function, the reduction of sensory input and/or impairment in relay to the thalamus and sensory cortex. Nerve degeneration in the cavernosal nerve, associated with the motor function of the erection, would more affect the contraction and relaxation of the smooth muscles involved in the necessary venoocculsion mechanism for proper erectile function. Therefore, the observed morphological alterations in the nerve fibers of the DNP and cavernosal nerve may lead to effects such as impairment in conduction velocity, altered timing of the pathway and a decreased impact in the amount of smooth muscle contraction and relaxation, finally leading to the macroscopic effect of erectile dysfunction. Figure 3 Toluidine blue staining of the dorsal nerve of the rat penis (DNP). Corpus cavernosum tissue containing the DNP from control, sham-operated (a) high T-dose-treated, castrated (b) physiological T dose-treated, castrated (c) and vehicle-treated, castrated animals (d) was fixed in 4.3% glutaraldehyde, postfixed in 1% osmium tetroxide, and embedded in epoxy. Tissue sections (1 mm) were subjected to Toluidine blue staining. Note the presence of shearing defects (circled and labeled) and myelin sheath nerve degeneration such as splitting (arrowheads) and blebbing (arrows). All fields are at magnification Â 60.
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